The increased susceptibility to pyogenic infections noted in cattle with the Chediak-Higashi syndrome trait has been related to an impairment of leukocyte function at the cellular level. Investigations of the relationship of abnormal granule formation to increased susceptibility to infection, conducted with cell suspensions containing high concentrations of polymorphonuclear leukocytes, revealed a bactericidal defect that was associated with abnormal intracellular killing and not due to defective particle ingestion. The in vitro bactericidal defect was associated with a metabolic anomaly in the hexose monophosphate shunt, but not with an alteration in the capacity to reduce nitroblue tetrazolium dye. Ultrastructural histochemical studies of phagocytosis and phagolysosome formation in polymorphonuclear leukocytes suggest that the impairment in bactericidal capacity is correlated also with either a delay or failure of primary granules to degranulate.
The Chediak-Higashi syndrome (C-HS) is a rare autosomal recessive disease in man which is characterized by increased susceptibility to bacterial infections, partial oculocutaneous albinism, and the presence of large abnormal granules (C-HS granules) in a number of different cell types (2, 6, 10, 30, 39) . Over the past few years, homologues of this disease have been identified in four phylogenetically disparate species: mink (22, 31, 38) , cattle (31) , mice (4, 23) , and killer whales (R. F. Taylor and R. K. Farrell, Fed. Proc., abstr. 3403, vol. 32, 1973) . Although the exact site of the primary gene defect has not been established, comparative ultrastructural studies have revealed that C-HS granules occur both as abnormal enlarged primary (virgin) lysosomes or related granules, and as enlarged phagolysosomes, depending upon the type of cell and its function (11, 12) . The origin of these granules has been best characterized in leukocytes. In neutrophils, the C-HS granules arise from the aberrent formation and fusion of the primary (azurophil) granules (11) . The defect is selective in that only one population of granules is affected, i.e., secondary (specific) granules are unaffected (11) . The development of C-HS granules in basophils and eosinophils follows the same pattern (12) .
Information on the relation of abnormal granulogenesis to the debility of affected humans and animals is limited; however, recent studies 92t
indicate that increased susceptibility to infection may be primarily associated with neutrophil dysfunction (8, 9, 15, 34) . In vitro studies of phagocytosis by phase microscopy have shown that the large pleomorphic primary granules fail to degranulate after ingestion of bacteria (28, 34) . Root et al. (34) have demonstrated that in humans this alteration in functionality is accompanied by an impaired capacity to kill certain gram-negative and gram-positive bacteria. The purpose of the present report is to describe our recent findings on the bovine homologue of the C-HS, which show that abnormal degranulation in neutrophils is associated with a marked impairment in bactericidal capacity and a decrease in hexose monophosphate shunt (HMPS) activity.
MATERIALS AND METHODS Animals. The normal cattle and cattle affected with the C-HS trait used in these studies were maintained on a nutritionally adequate diet at the experimental facilities at Washington State University.
Leukocytes. Peripheral blood leukocytes were isolated from heparinized (10 U/ml) venous blood by lysing the erythrocytes in 3 volumes of 0.87% ammonium chloride (NH4Cl; 20) . The leukocytes were pelleted by low speed centrifugation (150 x g for 10 min) and washed twice in Eagle minimal essential medium (MEM) with 10% heat-inactivated fetal calf LEUKOCYTE DYSFUNCTION IN C-HS CATTLE serum. Viability was determined by 0.1% trypan blue dye exclusion and was >96% in all preparations examined. Total and differential leukocyte counts were performed by heomcytometer and by examination of Wright stained smears, respectively. To obtain leukocyte preparations containing a high percentage of polymorphonuclear leukocytes (PMN), and to avoid a peculiar irreversible agglutination which occurs with bovine leukocytes, a modification of the Ficoll (Pharmacia, Uppsala, Sweden)-Hypaque (Winthrop Laboratories, N.Y.) density gradient centrifugation technique of Boyum was employed (7). Heparinized blood was centrifuged at 300 x g for 15 min at 20 C. The buffy coat was harvested and diluted 2:1 with MEM, layered in 30-ml volumes on 15 ml of the Ficoll-Hypaque mixture, and centrifuged at 400 x g for 40 min at 20 C. After removal of the mononuclear cell layer, the erythrocyte-granulocyte pellet was resuspended in 5 ml of homologous plasma. Erythrocytes were removed by lysis with 3 volumes of 0.87% NH4Cl, and leukocytes were collected by centrifugation at 150 x g for 10 min. Then the cells were washed twice with MEM and prepared for immediate use.
Peritoneal exudate cells were collected in heparinized MEM (10 U/ml) 12 to 14 h after intraperitoneal infusion of 4 to 5 liters of 0.1% glycogen (Nutritional Biochemicals Corporation, Cleveland, Ohio) in saline. After removal of contaminating erythrocytes by lysis with 0.87% NH4Cl, the leukocytes were pelleted and washed twice in MEM.
Microorganisms. Field isolates of Bacillus subtilis, Staphylococcus aureus, Streptococcus pyogenes, Sarcina lutea, Escherichia coli, and Salmonella pullorum were used as test organisms to assess bacterial activity of bovine leukocytes. All bacteria were grown overnight in brain heart infusion broth (Difco, Detroit, Mich.), centrifuged for 20 min at 2,000 x g, and washed three times in sterile phosphate-buffered saline, pH 7.4. The samples were adjusted to an optical density of 0.6 with a Bausch and Lomb Spectronic 20 set at 620 nm. The bacterial concentrations were determined by appropriate standard curves.
Bactericidal assays. A modification of the method of Hirsch and Strauss (19) Electron microscopy cytochemistry. A modification of the method of Graham and Karnovsky for staining of peroxidase (18) was used as a cytochemical technique for detecting myeloperoxidase (MPO) activity in ultrastructural studies of the PMN, and for examining the sequence of events leading to fusion of primary granules with the phagosomes after ingestion of bacteria. The leukocyte suspensions in MEM with 10% autologous serum were adjusted to a concentration of 10 x 106 PMN/ml and incubated at 37 C on a rotator for 30 min with B. subtilis at a bacteria-cell ratio of 10:1 or 40:1. Samples of cells were collected at 5, 15, and 30 min after the addition of bacteria to the cell suspension. The cells were centrifuged, fixed in 2% potassium phosphate-buffered (0.1 M, pH 7.3) glutaraldehyde, with 1% added sucrose, for 1 h, rinsed in a potassium phosphate-buffered (0.1 M, pH 7.3) solution of 1% sucrose, and then incubated for 9 min at room temperature in a saturated solution of 3,3'-diaminobenzidine in 0.05 M Tris-hydrochloride buffer (pH 7.6) containing 0.01% hydrogen peroxide (H202). The cells were rinsed in distilled water and then postfixed in potassium phosphate-buffered 1% osmium tetroxide (0.1 M, pH 7.3) for 30 min. The specimens were stained en bloc with an aqueous solution of 1% uranyl acetate, dehydrated through a graded series of ethanol, and embedded in Epon-araldite (26) . Thin sections were collected on uncoated 200-mesh grids, stained with lead or uranyl salts (33, 37) , and examined in a Philips 200 electron microscope.
Nitroblue tetrazolium test. Neutrophils from normal cattle and cattle heterozygous and homozygous for the C-HS trait were examined for their functional capacity to reduce nitroblue tetrazolium (NBT; grade III, Sigma Chemical Company, St. Louis, Mo) after phagocytosis of 0.81-gim latex spheres (Difco, Detroit, Mich.). The ability of neutrophils to reduce NBT was tested by a modification of the spectrophotometric method of Baehner and Nathan (1) . A suspension of leukocytes (0.1 ml at a concentration of 25 x 106 PMN/ml) was reacted with polystyrene latex spheres (0.05 ml of 0.81-um latex spheres dialyzed against phosphate-buffered saline, pH 7.4), potassium cyanide (0.1 ml of a 0.01-M solution of KCN), NBT (0.4 ml of 0.1% solution), and phosphate-buffered saline (0.35 ml in phagocytizing tubes with spheres, and 0.40 ml in control resting tubes without spheres) in a total volume of 1.0 ml. The cell mixtures were incubated for 15 min at 37 C; then 5 
RESULTS
Differential counts on leukocyte preparations. There were no statistically significant differences in the differential counts of leukocyte cell suspensions obtained from normal cattle and cattle with the C-HS trait (Table  1 ). This contrasts with the neutropenia noted in human subjects with the C-HS (5) , but agrees with the observations that neutropenia does not exist in the animal homologues (4, 9) . Differential counts of leukocyte cell suspensions obtained by NH4Cl lysis of heparinized whole blood were within normal limits for cattle (3 Electron microscopy cytochemistry. In previous studies by light microscopy, C-HS granules have been observed in affected neutrophils for prolonged periods of time after phagocytosis of bacteria, with the granules persisting around the phagocytic vacuole and in some cases apparently localized within phagosomes (28, 34) . Therefore, studies were conducted to verify this point and to determine the extent to which impaired postphagocytic degranulation might contribute to the reduction in bactericidal capacity. A cytochemical stain for MPO was used to facilitate the identification of primary granules. Both qualitative and quantitative differences in granule content could be distinguished ( Fig. 3 and 6 ). The primary granules (C-HS granules) in cells from affected animals were pleomorphic and fewer in number than in normal cells (Fig. 3 and 5) .
Two differences were noted in PMN after ingestion of bacteria. Whereas degranulation was readily detected in normal cells at 15 and 30 min (Fig. 3 and 4) , few changes were evident in C-HS cells even after 30 min (Fig. 5 and 6) . The large C-HS granules were seen generally intact in the cytoplasm (Fig. 6) or, on occasion, (Fig. 6, insert) . In addition, there appeared to be a difference in the morphology of ingested organisms. Some of the bacteria observed in normal cells that had been incubated for 30 min appeared partially degraded (Fig. 4) . Those in C-HS cells were much more distinct and similar to uningested bacteria (Fig. 6) .
Nitroblue tetrazolium test. Studies with the NBT test were unrevealing, although this test has been used effectively to show alterations in metabolic activity in other granulocytopathies, such as chronic granulomatous disease of childhood (1) . Leukocytes from cattle homozygous and heterozygous for the C-HS trait were as capable as those obtained from normal cattle in reducing NBT dye to blue formazan after the phagocytosis of polystyrene latex spheres ( Table 3 ). The differences between resting and phagocytizing cells from the different groups of animals were not significant. As will be discussed later, this is a rather interesting observation in light of the correlation between bactericidal capacity and dye reduction found in other granulocytopathies.
Glucose oxidation. Since the NBT test did not reveal any alteration in the metabolic activity of affected cells, further studies were conducted to determine whether any alteration could be detected in glucose metabolism by the HMPS or Krebs cycle pathway. Contrary to an earlier report (29) , a significant difference was demonstrated in the activity of affected and normal leukocytes. This was most pronounced in the oxidation of [1-14C ]glucose. HMPS activity in mixed and Ficoll-Hypaque-separated C-HS leukocytes was significantly reduced in both resting and phagocytizing cells (Table 4) . Statistically significant but less striking differences were noted in oxidation of [6-14C] glucose and here only with Ficoll-Hypaque-separated cells (Table 4) .
DISCUSSION
Although the biochemical defect(s) in the C-HS has not been definitively elucidated, the demonstration that C-HS granules are the result of an abnormality in a biosynthetic pathway common to granule-forming cells has provided new insight into the genetic basis of this interesting disease. Furthermore, it has allowed for a more meaningful analysis of how C-HS granules contribute to the general debility and increased susceptibility to infection characteristic of this disease (10, 11, 12) . C-HS granules represent aberrant forms of normal constituents of cells, not tertiary granules or accumulations of cell products as in the lipidosis (17) . In PMN, C-HS granules represent pleomorphic forms of primary granules (11 ePercentage (mean X standard error of the mean) of bacteria cleared from cell-free supernate (150 x g for 10 min) by adherence to or ingestion by leukocytes at 120 min.
'Difference from normal is statistically significant (P < 0.05, two-sample t test). cell type should correlate with the abnormal functioning of this organelle. In retrospect, the initial observations of phagocytosis did reveal an alteration in degranulation after ingestion of bacteria, as evidenced by the persistence of C-HS granules, apparently intact, for prolonged periods of time after phagocytosis (28) . The importance of this observation has been amplified by the recent findings in humans (34) and now cattle, which have demonstrated that this anomaly is accompanied by abnormal bactericidal and metabolic functions. Even though ingestion of bacteria is normal (28, 34) , the rate of killing is diminished, being reflected as an alteration in the rate and not the absence of killing. Thus, a serial sample assay method reveals the defect, whereas a single-point assay method yields variable results. This may, in part, account for the results obtained in an earlier report which indicated no bactericidal defect in affected cattle phagocytes (28) .
Although the exact significance has not been determined, depression of glucose oxidation accompanies the abnormal bactericidal and lysosomal functions noted in affected cattle leukocytes. In contrast to the human cells (43), a depression of glucose oxidation by both HMPS and Krebs cycle pathways was observed in resting and phagocytizing cattle cells. The results of this study are seemingly at variance with previous observations on glucose oxidation by normal and affected cattle cells (29) . However, the decreased HMPS activity noted in the current report may have been obscured by the use of peritoneal exudate cells, where a majority of the cell population is macrophages, and by recording the data as the ratios of [1-14C ] ysis, and oxidation of glucose through the HMPS (27, 35) . It has been suggested that the increased HMPS activity may serve to supply H202 to the PMN, by reoxidation of reduced nicotinamide adenine dinucleotide phosphate by its oxidase in the presence of molecular oxygen (21) . Although HMPS activity does appear to be associated with 02 uptake and H202 production, the relationship is not completely understood (36) . Metabolic reactions that result in the reduction of molecular oxygen to H202 in the PMN are critical to host defense because of the importance of peroxide formation for the MPO-H202-halide microbicidal system. The bactericidal activity generated by the MPO-H202-halide microbicidal system is effective against both gram-negative and gram-positive organisms (24) . Thus, there may be a relationship between bactericidal impairment noted in leukocytes from cattle with the C-HS trait and reduced HMPS pathway activity in the affected cells. It could be postulated that the reduced HMPS activity results in reduced H202 production and impaired functioning of the MPO-H202-halide microbicidal system.
Cell contains C-HS (P) and secondary (S) granules
The finding of altered postphagocytic degranulation in affected human and cattle cells extends the microscopic observation that the giant MPO-positive lysosomes of the granulocytes persist, apparently intact, for hours after the ingestion of bacteria (28, 34) . These observations suggest that abnormal delivery of lysosomal contents to the phagocytic vacuole in affected cattle and human cells may be related to diminished intracellular bactericidal capacity. Collectively, the reduced HMPS pathway activity and altered postphagocytic degranulation may explain why affected cattle cells exhibit a prominent bactericidal defect to a broader spectrum of bacteria than do human C-HS cells (34) . Additional studies will be needed to determine the relationship between the microbicidal defect and the abnormal metabolic and lysosomal activities noted in this study.
Studies conducted with affected human (34) Yet, the data from the human cells (34) event, the test has been used as a marker of enzymatic activation, which in normal PMN corresponds to the activity of intracellular killing of bacteria. In children with chronic granulomatous disease, phagocytosis is quantitatively normal, but there is an in vitro defect in bactericidal capacity (16) . In this hereditary defect, the inability of the PMN to kill certain bacteria corresponds to the defect in NBT dye reduction (1) . NBT (1, 13) . However, in humans with the C-HS and in affected cattle, there is no correlation between defective bactericidal activity of PMN and defective NBT dye reduction.
It is perhaps worth emphasizing the uniqueness of the bovine homologue of the C-HS and the potential it offers for the study of the C-HS and the other granulocytopathies described in man (14) . It is the only animal model, at the present time, with well documented abnormalities in leukocyte function that are associated with increased susceptibility to infection (30, 32) . Thus, C-HS cattle show the closest resemblance to the disease occurring in man and, as such, may serve as the best model for analyzing the genetic and biochemical basis of the disease. Additionally, the presence of defects both in the metabolic and lysosomal activity of neutrophils provides an opportunity to compare the relative role of each in effecting the destruction of bacteria.
